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ABSTRACT
The protection of important infrastructure and vital resources of the United States is
essential to the Nation’s security. Attacks using the Nation’s infrastructure as weapons of mass
destruction could have a disturbing physical and psychological consequences. Work needs to
be done to enhance the protection of the Nation’s infrastructure to prevent, deter, or mitigate
the effects of deliberate attacks by terrorist.
Toxic inhalation hazard (TIH) chemicals such as chlorine gas and anhydrous ammonia are
very dangerous hazardous materials. Rail transportation of TIH creates risk that exposes highly
populated areas across the country to this threat.
This study investigates the ballistic resistance and self-sealing nature of a quasi 3D triaxial woven composite layered with polyurea against high power rifle bullet impact.
This is done by evaluating the effectiveness of quasi-3D tri-axial woven composites in
resisting .50 caliber rifle rounds and utilizing a high speed camera to visually inspect the selfsealing behavior.
The concept is to utilize the increase in delamination resistance of tri-axial quasi 3D
woven fabrics in conjunction with the hyper-elasticity of polyurea to design an improved
ii

ballistic protection system with self-sealing properties. For comparison, a layer of basalt fiber
composite will be used in conjunction with the tri-axial Q3D weave and polyurea. The addition
of the basalt layer is to see if the shock wave of the impact will yield different results with the
thicker and stiffer bi-axial plain weave layered basalt composite.
The unique geometry of the quasi-3D tri-axial weave is that it is infinitely repeatable in
its thickness direction. This repeatability is done without utilizing discrete ply or large crimp
angles. The geometry of the weave allows for greater energy absorption compared to a
standard weave.
The result is a self-sealing coating that can be applied to railcar tankers or stationary
tanks carrying toxic chemicals without increasing the weight or carrying capacity of the tanker.
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SIGNIFICANCE TO THE DEPARTMENTS OF HOMELAND SECURITY AND
DEFENSE
The protection of important infrastructure and vital resources of the United States is
essential to the Nation’s security, as well as public health and safety, economy, and overall way
of life. Attacks on infrastructure and resources that amount to chemical attacks could incite
panic and hysteria. The damage and fear produced from this type of attack would affect areas
far beyond the localized target. Attacks using the Nation’s infrastructure as weapons of mass
destruction could have even more disturbing physical and psychological consequences.
This research falls within the Infrastructure and Geophysical Division (IGD) of the
Department of Homeland Securities (DHS) Science & Technology (S&T) Directorate mission of
building a safer, more secure, and more resilient America. This is done by enhancing the
protection of the Nation’s infrastructure to prevent, deter, or mitigate the effects of deliberate
attacks by terrorist.
In the rural town Graniteville, South Carolina a chlorine tank was ruptured, fortunately
the accident happened in a small town away from the population. However, nine people were
killed and 520 sought medical help. Nearly 80% of the town had to be evacuated (5,400 of only
7,000).
Therefore, there is a need to develop technologies and methodologies that will reduce
or eliminate the release of TIH (Toxic Inhalant Hazard) materials from railcar tanks and
1

stationary tanks after being subjected to natural or man-made forces. This research will
evaluate the success of using tri-axial quasi-3D woven composites and self-healing materials in
addressing these issues.
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OBJECTIVE
The objective of this research is to try to improve the ballistic performance of TC-128
steel used in railroad tankers. This is done by comparing the ballistic performance of three
different layered systems. The concept is to utilize the increase in delamination resistance of
tri-axial quasi 3D woven fabrics in conjunction with the hyper-elasticity of polyurea to design an
improved ballistic protection system with self-sealing properties. Also a layer of basalt fiber
composite will be used in conjunction with the tri-axial Q3D weave and polyurea. The addition
of the basalt layer is to see if the shock wave of the impact will yield different results with the
thicker and stiffer bi-axial plain weave layered basalt composite.
This protection system can be used to advance the next generation of railroad tank cars
used for transporting TIH (Toxic Inhalant Hazard). The developed product will improve ballistic
resistance against high power rifle bullet impact; as well as preventing the release of toxic
inhalants should a puncture occur. Specific objectives include:
1) Create a protective system that improves the tanks ballistic limit while also being selfhealing.
2) Design of the new systems must not interfere with the current hauling capacity of the
tankers.
3) Create a tri-axial quasi 3D woven fabric
4) Verify the potential use of polyurea as a self-healing materials
3

5) Establish the steel plates- polymer blast energy dissipation mechanisms through V50
evaluation and finite element modeling approaches
6) Evaluate the viability of using woven composites and polymer laminates for improving
ballistic resistance of railcar tanks.
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1.

INTRODUCTION

The American railcar industry transports high volumes of hazardous chemicals daily
without incident. Hazardous dense gases such as chlorine, are often transported throughout
the United States in their liquid form inside pressurized railway tankers. These tankers can hold
up to 90 tons of liquid chlorine. A high-powered, ballistic attack on a chlorine-carrying tanker
could cause devastating outcomes for the surrounding population and environment. These
hazardous gasses are referred to as Toxic Inhalation Hazards (TIH). TIH comes from chemicals
that are widely used in manufacturing, pharmaceuticals, farming, and various industries.
Chlorine gas and anhydrous ammonia are the most common TIH chemicals; others include
sulfur dioxide, ethylene oxide, and hydrogen fluoride, and a variety of other products that are
important manufacturing inputs [1].
Liquid chlorine is one of the most commonly shipped TIH chemicals; it is also one of the
most toxic. When inhaled in high concentrations, chlorine gas causes suffocation, constriction
of the chest, tightness in the throat, and edema of the lungs. At around 1,000 parts per million
(ppm), it is likely to be fatal after a few deep breaths. Because chlorine is water soluble,
exposure to the gas irritates the mucous membranes and eyes at concentrations (in air) under 3
parts per million (ppm). Moderate irritation of the upper respiratory tract occurs at 5-15 ppm,
followed by chest pain, vomiting, and diarrhea at 30 ppm. Above 50 ppm, lung inflammation
5

and pulmonary edema occurs. Chlorine is deadly at concentrations of several hundred ppm or
higher [2]. According to the National Institute for Occupational Safety and Health (NIOSH,
2003), chlorine gas concentrations of 10 ppm are classified as "immediately dangerous to life or
health" (IDLH) [3].
Currently, hazardous material railcars are not specifically designed to resists high
velocity large caliber impacts. Current railcars are designed so that the main structural
component is a 3/4in thick layer of TC-128 steel. The outer part of the railcar consists of 2in of
chopped fiberglass insulation and 2in of ceramic insulation. The entire containment shell works
as a impervious barrier to most everyday hazards. However, they are not impermeable to highspeed collisions or some high-power ballistic attacks.

1.1 BALLISTIC LOADING
Impact dynamics and other impact related problems have been heavily researched over
the years. Impact dynamics covers an extremely wide area and involves many different
engineering disciplines. For example, production engineers are interested in the subject in
regards to high-speed blanking and hole-flanging processes [4]. Military scientists need to
understand the subject in order to design structures that are more efficient at withstanding
projectile impact or in order to design improved ballistic missiles [4]. Geologists use improved
understanding of earth penetration processes to carry out remote seismic monitoring and
surveying [4]. Vehicle manufacturers use their understanding of the response of structures to
impact loading to improve the performance and safety of their products [4].
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There are a number of factors that can effect penetration and ballistic impact mechanics
of metallic plates. A paper by Dikshit, Kutumbarao, and Sundararajan [36] outline that these
parameters can be projectile related (size, shape, density, hardness), impact related (velocity,
angle), or target plate related (hardness, strength, ductility, microstructure, thickness). The
study sought to quantify the effect of target plate hardness on ballistic penetration. Their
conclusion is that ballistic resistance depends on the stress state of the target plate. In plane
strain conditions (thick plate, i.e. 3.14 inches), increasing the hardness of the plate increased
resistance to penetration due to heightened energy dissipation. In plane stress conditions (thin
plate, i.e. 0.787 inches), increasing the hardness added resistance initially; however, beyond a
certain hardness, resistance decreased due to the onset of adiabatic shear band induced
plugging [36]. However, care must be given to ensure that the stress state of the plate does not
change the dynamic failure mechanism.

1.2 BALLISTIC LOADING OF COMPOSITES
The general guideline for ballistic resistance design is that one seeks the highest possible
modulus in order to spread the impact energy over a wide area via increased wave speed [5].
For woven composites, this is referred to as the fibers sonic wave speed or sound speed. There
are several different ways to determine this value; Advanced Materials and Processes
Technology Information Analysis Center (AMPTIAC) [9] has one method and Cunniff [10] has
another method that yields a dimensionless strain wave velocity. In addition, the ballistic
design requires high strengths so that the shear wave is transmitted as far from the impact
point as possible [5]. While the ballistic response in homogeneous metallic materials have been
7

well documented and understood [4,6,7,8], the same cannot be said for the case of
heterogeneous materials such as, fiberglass woven composites. This is because, for woven
composites there are a large number of spatial variations in geometry and material properties.
The very nature of composites means that they are an amalgamation of matrix, fibers, and
fiber/matrix interfaces[39]. This does not even take into account the interfaces between
different lamina that lead to new heterogeneity factors. The heterogeneous nature of
composites combined with multiple failure mechanisms occurring simultaneously makes it
extremely difficult to generate precise engineering model. Instead, the properties are
homogenized or smeared for each layer.
Since the tri-axial Q3D weave feature in this thesis has a quasi isoplanar property it does
not exhibit a dramatic decrease in tensile strength when loaded in an off principle fiber
direction. Yen et. al.[5] studied 3D triaxial and 3D orthogonal weaves for ballistic impact by a
.22 caliber fragment simulating round. The finite element models indicated that 3D weaves had
similar V50 results to the plain weaves and that the 3D weaves had higher delamination.

1.3 BALLISTIC LOADING OF POLYMERS
Over the years, researchers have investigated the beneficial properties of polymers for
the use of increasing ballistic protection. Roland et. al. [34] showed that when polyurea is
coated on the front face of steel plates that in improved the ballistic protection. Grujicic et. al.
[35] supported Roland’s conclusions that the increase in ballistic protection is due to the glassy
phase transition of the polyurea. Later Roland proved that layering the steel plates and the
polyurea resulted in the best ballistic protection. This is partially due to polyurea absorbing the
8

shear wave energy from the previous layer while slowing the projectile. Also the polyurea
briefly widens the affected area of the next metal layer because the glassy phase transition
transfers the load more evenly.

While layering of polyurea and steel perform well for ballistic

penetration resistance, thought needs to be given to the thickness and configuration of the
layering. Liang Xue et. al. [40] studied the effects that blunt and pointed projectiles would have
on steel plates backed with polyurea and sandwiched polyurea. Liang Xue et. al. concluded the
blunt nose reduced the V50 limit and the energy absorption of the polyurea backed plates. This
is because the blunt nose of the projectile changes the failure mechanism. With the pointed
projectile, the steel plates have time to yield and deform as the projectile is penetrating.
Therefore, the polyurea backing resists the stretching and yielding of the plate. With the blunt
projectile the failure mechanism is dominated by adiabatic shear failure and the plates does not
deform. Subsequently the polyurea does not stretch over a large area to resist the impact.
Liang Xue et. al. also concluded the when the polyurea was sandwiched between the plates the
energy absorption was reduced. This is because the polyurea is not provided enough space to
deform. The close proximity of the back steel plates causes the polyurea to be sheared
essentially like a die press.

1.4 LAYERING
Layering different materials to improve the penetration resistance of the entire system
has been around since the medieval times when knights would wear thick padding under their
chainmail or plate armor. Many reports and experiments have shown that having a hardened
outer layer backed by a tough ductile material to absorb the energy is an effective system for
9

penetration resistance. However, in this thesis having the highest penetration resistance is not
the only criteria. For this study, the system also needed to be self-sealing without reducing the
ballistic resistance and without adding any additional weight to the railcars. This means that
simply adding a layer of hardened steel to the outer face would not suffice. A multi-layered
system would need to be developed. Corran et. al. [11] conducted a study about the
performance of multi-layered steel plates under projectile impact. The result of the study is
that when the layers are in contact with one another they performed better than if the same
thickness of material as a single monolithic layer; as long as the failure mechanism of the plates
is dominated by membrane stretching and not bending/shearing.

1.5 SCALING
The application of scaling laws to dynamic loading of inelastic structures is discussed by
Jones [12] who concluded that the laws of geometric scaling cannot, with confidence, be
applied to impact loaded targets due to two factors: strain-rate effects and the existence of
ductile-brittle transitions which may occur in either the model or the prototype tests. This
ductile-brittle transition will vary with strain rate and adds another level of complexity in
creating engineering models. Therefore, the experiments for this research had to be done with
full-scale specimens.

1.6 TRI-AXIAL QUASI-3D WEAVE(Q3D)
It is a well-known fact that laminated composite materials have excellent stiffness-toweight and strength-to-weight ratios. However, they are susceptible to transverse impact and
have resin rich interfaces between the lamina. Transverse loading cause significant
10

delamination and significant material degradation that leads to an ultimate failure. Although
stitching techniques has been used to improve the delamination resistance, it can also
introduce local stress concentration. Layered two-dimensional woven fabrics have been found
to have much higher delamination resistance than the laminated counterparts although they
also bear resin-rich interfaces between layers. One effective approach to enhance the
delamination resistance and damage tolerance is 3D weaving[16]. Quasi 3D fabrics differ from
3D fabrics, in that the fiber in the third axis does not extend completely through the fabric. For
the weave used in this research, the fibers are woven into the next layer during the
construction of the material. Therefore, there is no resin rich interface between the layers.
The basic 2D tri-axial and 3D orthogonal weaves have been around for many years. The
Dow corporation patents the original tri-axial weave in 1975[13]. What is unique about the
weave in this study is it is a quasi-3D tri-axial weave that is infinitely repeatable in its thickness
direction. This repeatability is done without utilizing discrete ply or large crimp angles.
However, not much work has been done with tri-axial Q3D weaves probably due to the
complicated and time consuming manufacturing process. Some work has been done to
determine the best weave angle to absorb the most energy while maintaining the greatest
stiffness. This study determined that [0°/±60°] provided the good energy absorption while
retaining stiffness [14].
Compared to 2D woven composites, laminated composites may have much greater
stiffness and strength. The lower strength in woven composites is attributed to warping of fiber
bundles as well as a higher volume content of the matrix phase. The warping of the fibers is
11

referred to as crimp. There is still a variety of crimp definitions within the textile composite
community. The composite industry has traditionally only focused on 2D crimp, and the most
common definition is the crimp ratio (CR) defined as [15]:

(1)

Figure 1 The crimp ratio definition

However, in 3D fabrics different CR values can be calculated depending on the oriented
plane. So for clarity the following definition will be used [15]:
Crimp is the percentage excess of length of the yarn axis over the cloth length. It
is not practicable to measure the length of the yarn axis directly and it is
estimated by removing and straightening the thread under a standard tension.
Because a fabric’s stiffness and strength are inversely related to its crimp, Q3D fabrics
are ideal for transverse impacts. Since the fiber in the third axis does not extend completely
through the fabric, the crimp percentage is lower than a true 3D composite. The amount of
crimp can increase the flexibility of the composite to the point that the stress-strain behavior
becomes non-linear. The chart below from McDaniels et. al. illustrates how crimp can
complicate the behavior response and in turn engineering models.

12

Figure 2 Comparison of a composite with and without crimp [17]

The combination of a small percentage of crimp and fibers connecting between layers
results in Q3D composites having much greater energy absorption and reduced delamination.
Because the fibers are passing over and under each other tensile loading of woven
fabric induces transverse loads at the fiber overlap sections as the crimped fibers attempt to
straighten. This reduces the translation of fiber strength to fabric strength and decreases longterm fatigue and creep rupture performance. Crimp related reduction in properties is
particularly pronounced with higher performance engineering fibers where optimization of
axial filaments properties weakens transverse properties of the filaments[17].
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2.

DESCRIPTION OF RAW MATERIALS

2.1 X STRAND S ROVING
The material chosen to create the tri-axial Q3D is X Strand S with a 17 micron 1200 tex
roving. Owens Corning supplies this material. X Strand is a variant of the earlier standard Sglass. X Strand reinforcements are available at two levels of performance and value. Standard X
Strand reinforcements are made with R-glass for economical solutions, and X Strand S
reinforcements are made with S-glass for even higher levels of performance. Compared to
traditional E-glass fibers, X Strand S is up to 50% stronger, 20% stiffer and 80% tougher (Figure
3). This is in part due to Owens Corning development of their direct-melt method in forming
the strands.
X Strand S roving consists of continuous filaments gathered in a single-end roving
without mechanical twist and treated with Owens Corning’s specifically developed sizings. This
roving has both a low fuzz and low static characteristic, which made it much more user friendly
during the hand weaving process.
Also X Strand S retains its strength after exposure to acids. Below is a graph illustrating
X Strand’s strength retention in increasing pH levels compared to competitors S-glass and Eglass.

14

(a)

(b)

(c)

Figure 3 Typical properties of high performance fibers (a) stress-strain curves, (b) tensile Modulus and (c) tensile
strength [18]

X Strand S roving’s mechanical properties also outperform other fibers and metals as
shown in Figure 4 and Figure 5 provided by Owens Corning [19].

15

Figure 4 Mechanical properties of X Strand S roving fiber [19]

Figure 5 Comparison of OCV fibers with standard E-Glass [19]
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2.2 BASALT
Basalt rock (Figure 6) is a grayish-black, rock classified in the family of igneous rocks,
formed by rapid cooling of molten lava either at or near the surface. It is commonly found in
the Earth’s crust, is abundant throughout the world, and can be easily mined. Basalt rock
possesses certain qualities similar to thermoplastics and metals, i.e., it melts when heated to
specific temperatures (1100–1300 °C) and can be drawn into flexible fibers, a process similar to
manufacture of S-2 and E-glass fibers.

Figure 6 Raw basalt rock [20]

The technology and process for extruding basalt rock into glass fibers has been patented
since the 1923. The process to make basalt fibers follows very closely the methods to make
other glass fiber product such as E-glass and S-2 glass. However, the process for basalt fiber
differs from other glass fibers when it comes to additives. Unlike other glass fibers, basalt does
not need to have the additives that S2 glass needs, like aluminum mixed with it since basalt has
this naturally. For this thesis, the basalt fabric is purchased from Advanced Filament
Technology L.L.C. The specific fabric chosen is a 220gram/m2 plain weave (Figure 7).

17

Figure 7 Basalt weave 220 gram/m

2

2.3 CCMFCS2
The resin epoxy that is used in Vacuum Assisted Transfer Molding (VARTM) process for
the Q3D weave composite is CCMFS2. This two part epoxy is also used for the wet layup
making of the basalt layer. This material is obtained from Applied Poleramic Inc (API) out of
Benicia CA.
Recently API partnered with the University Of Delaware Center For Composite Materials
to develop a new blended epoxy. This new epoxy is to be made from currently available
products, the SC-15 and the SC-79. SC-15 has good ballistic properties while the SC-79 has good
mechanical properties. The purpose of the new blended epoxy is to combine the benefits of
each epoxy into a single new epoxy. The new blended epoxy is called CCMFCS2 and this epoxy
is what will be used to impregnate the woven fabrics.

18

To make this resin, you must mix homogenously 100g of resin part A, with 37.5g of the
hardener part B, by weight. In general, the mixing process incorporates small champagne sized
bubbles. Following the mixing, the epoxy must be degased until all the small bubbles are
removed. Leaving the epoxy in the degassing chamber under high negative pressure for too
long after the small bubbles are removed will actually generate larger bubbles within the epoxy.
This phenomenon happens when the shorter molecular chain of the acid compound
begins to boil off. This is called nucleation and a premature vitrification of the epoxy. Allowing
this phenomenon to happen will result in a strength reduction in the final product.
Once the degassing is completed, the epoxy is ready to be used. In this thesis, the
VARTM (Vacuum Assisted Resin Transfer Molding) process is used to impregnate our woven
fabrics with resin. This resin is ideal for this process because of its low viscosity and long gel
time. In Table 1 typical resin properties are summarized.
Table 1 Typical Properties of CCMFS2 [21]

Color

White

Gel Time at Room Temp

16-32 hours

Viscosity (mixed)

350 cp

Tg Dry ( )

266 (250

cure)

Tg Wet ( )

245 (250

cure)

To cure the epoxy, it is first allowed to gel at room temperature after that the
impregnated fabric is placed in a computer-controlled oven. The curing cycle started at room
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temperature then ramped up at the rate 3 / minute to 250

and held that temperature for

four hours. After the four hours, the temperature gradually decreased back to room
temperature. This procedure is outlined in the manufactures curing instructions. [21]

2.4 POLYUREA
Polyurea (PU) is classified as an elastomeric material. The resilience and large strain
capacity of elastomers can be exploited to absorb ballistic energy and contain debris.
Elastomers are composed of long polymer chains, usually some cross-linked or connected by
chemical bonds and/or hydrogen bonds. Cross -linking makes elastomers reversibly
stretchable within a significant range of deformations. In the un-stretched state, the polymer
chains are in random directions. When stretched, the polymer chains become elongated and
ordered along the deformation direction (Figure 8). When no longer stretched, the cross-links
guide the elastomer back to its original shape as the chains once again randomize. During
deformation, molecules “rub” against each other causing damping (energy dissipation). In
pure elastomeric materials, this effect is viscoelastic (strain-rate-dependent). Often this causes
internal friction (strain-rate-independent energy dissipation). The elastomer used in this study
is polyurea (Figure 8).
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Figure 8 Schematic of deformation in polyurea

Polyurea is a type of elastomer that is derived from the reaction product of an
isocyanate component and a synthetic resin blend component through step-growth
polymerization. The isocyanate can be aromatic or aliphatic in nature. It can be a monomer,
polymer, or any variant reaction of isocyanates, quasi-prepolymer, or a prepolymer. The
prepolymer, or quasi-prepolymer, can be made of an amine-terminated polymer resin, or a
hydroxyl -terminated polymer resin [22].
The resin blend may be made up of amine-terminated polymer resins, and/or amineterminated chain extenders. The amine-terminated polymer resins will not have any
intentional hydroxyl moieties. Any hydroxyls are the result of incomplete conversion to the
amine-terminated polymer resins. The resin blend may also contain additives, or non-primary
components. These additives may contain hydroxyls, such as pre-dispersed pigment in a
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polyolcarrier. Normally, the resin blend will not contain a catalyst(s). Polyurea’s are
characterized by high elongation, high tear strength, and superior modulus of elasticity.
The majority of polyurea material must be applied at high pressure and temperature,
with 1:1 mixing of the hardener and resin occurring just beyond the spray gun to minimize
clogging. Temperature does not affect curing of polyurea. With proper training and
equipment, the polymer material can be safely applied to wall surfaces.

In recent years, polymer and polymer composites have gained great deal of attention
due to their high strength to height ratio, wide range of material choices, ease of
manufacturing, and ease of property customization to cater the specific needs. Polyurea has
become a prominent polymeric material due to its wide range of applications and properties.
Polyurea is an extremely fast curing elastomer which makes it an excellent candidate for spray
coating applications. Currently, polyurea is used as a protective coating against the malicious
effects of moisture and chemicals for concrete and steels structures, joint filler and caulking
agent, abrasion resistant coating in automobile beds and open rail wagons, chemical protection
linings for storage/delivery tanks, and blast and fire resistance coating for strategically critical
buildings and military personnel/delivery vehicles.

Polyurea monomer is a product of reaction between organic amine (chemical with NH 2
group) and organic isocynate (chemical with NCO group). In a polyurea, organic group along
with urea linkage form a chain segment with high glass transition temperature(termed as hard
segment, HS) and the remaining organic group of amine group forms a chain segment with
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lower glass transition temperature (termed as soft segment, SS) as shown in the Figure 9.

Figure 9 Microstructure of polyurea [23]

Therefore, the polyurea chain becomes an alternating linear arrangement of hard
segment and soft segment. The urea linkage of the hard segment is polar due to extra lone
pair of electrons on nitrogen. When polymer chains arrange themselves in space, strong
hydrogen bonding among urea linkages are present in the same chain or the neighboring
chains, thus causing a segregation of hard segments along with a very small portion of the soft
segments, resulting in the formation of hard domains at microstructural levels. The remaining
non-phase segregated soft segments coalesce together forming the soft domains in the
polyurea matrix as shown in Figure 10. Due to this complex microstructure, polyurea display a
very broad range of mechanical responses under static and dynamic loading conditions. Most
of the applications of polyurea are based on its exceptional ability to harden under applied
loading and to alter/disperse shock waves and absorb the kinetic energy associated with these
waves/ballistic projectiles [23].
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Figure 10 Microstructural segregation in polyurea matrix [23]

Fradgiadakis et. al. [24] reported the effect of various isocynate and diamine ratios on
the relative proportion of hard and soft domains in polyurea and Choi et. al. [25] studied the
changes in hard and soft domain microstructure due to load application. In the tensile
experiments, it has been observed that polyurea specimen have capability of sustaining very
large deformation. Yi et. al. [26] studied viscoelastic behavior of polyurea under ratedependent large scale conditions. Viscoelastic characteristics of polyurea under low to high
strain rates were also studied by Sarva et. al. [27] and Roland et. al. [30]. Grujicic et. al. [28]
provided a complete overview of various material-models available for polyurea. Ping et. al.
[29] studied the effect of curing temperature on the polyurea morphology and properties using
Fourier transformed infrared spectroscopy, Electrochemical Impedance Spectroscopy and
atomic force microscopy. They reported that changing the polyurea curing temperature from
20oC to 80oC improves hydrogen bonding, segregation of hard and soft domain and carrion
resistance.
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From the above literature survey, it appears that while polyurea is a promising material
for blast / shock mitigation applications, the investigation about the relationship between
polyurea microstructure and its influence on the mechanical properties is still in an emerging
stage. Addition of nanoreinforcement to the polyurea gives rise to microstructural
inhomogeneities. When added in different proportions, these nanoreinforcements alter the
mechanical properties of polyurea to different extents. A correlation between the
microstructures of polyurea nanocomposites and their mechanical properties has not been
investigated. Microstructural inhomogeneities in nanocomposites result in localized
mechanical properties which may be considerably different than bulk properties. To the best
of my knowledge, thus far no attempts have been made to capture this local response and
statistically analyze it to get the macroscopic properties of polyurea nanocomposites. Long
term mechanical performance of polyurea and polyurea based nanocomposites has not been
established. Effects of various ambient exposures such as moisture, temperature and ultraviolet
on the static and dynamic performance of different types of polyurea and their nanocomposites
have recently been studied [42].

In this thesis, the polyurea(PU) used consists of diamine and diisocyanate components.
The diamine component is an oligomer, Versalink P-1000 from Air Products and Chemicals, Inc.,
Allentown, PA, USA (VP1000). It is a viscous amber liquid, with melting range of 18 – 21 oC,
equivalent weight of 575 – 625 mmol/g and molecular weight of 1238 g. Figure 11 below shows
the molecular structure of VP1000. The Diisocyanate, Isonate 143 L (143L), is purchased from
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Dow Chemical Company, Midland, MI, USA. This material is light yellow liquid under room
temperature, with equivalent weight of 144.5 mmol/g. Its structure can be seen in Figure 12.

Figure 11 Molecular structure of Versalink P-1000 oligomeric diamine where n = 13-14
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Figure 12 Molecular structure of the diamine, Isonate 143 L

The two reactants are mixed at weight ratio of 4:1 (Versalink P-1000 (VP 1000): isonate
143L). First VP1000 is preheated for 30 minutes and degassed before mixing with isonate 143L.
Mixing and stirring is quickly done (less than one minute). The mixture is heated again in oven
at 80 oC for 30 min to remove bubbles generated during mixing. The VP1000/ isonate 143L
mixture is transferred into the composite system mold and cured for 4 hrs at 80 oC in oven. A
description of this mold and the procedure for making the ballistic layered systems is available
in section “5.3 Molding of the Basalt and Q3D System”.
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2.5 TC-128
TC-128 is the railcar standard steel and is known for its high toughness. Since TC-128 is
the standard in the manufacturing of railcars, it is used in this thesis. However, it is only
available in one thickness. To be able to compare the new ballistic system to the standard
blank TC-128 it is decided that the areal density of the retrofitted plates should have the same
areal density as a blank 0.75 inch TC-128 plate [41]. It is important to match the areal density
so that if this system is applied to railcars it will not increase the weight of the cars and reduce
the carrying capacity. The properties of the standard 0.75 inch TC-128 are as follows:
Table 2 Properties of blank TC-128

Blank TC-128 Depth (in)
0.75

Hardness

Areal Density (lb/in2) Overall size of plate(in.)

53 Rockwell C

0.218

12 x 12

TC-128 is obtained from the same manufacture that supplies the railcar tank
manufactures. This is done to ensure continuity between experimental results and what could
be expected in end user field results. However, because of security concerns the exact
properties and specifications cannot be disclosed. What can be disclosed is given in Table 2.
For the experimentation, large plates of TC-128 were cut into 12in x12in samples. Some
samples were left untouched for ballistic testing in order to establish a controlled baseline.
Others are milled to reduce their thickness so that all test specimens would have the same
areal density. The procedure and determination of plate thickness is outlined in the “5.
Manufacturing of Composite Steel Plate System” section.
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3.

DESCRIPTION OF INDIVIDUAL COMPOSITE LAYER

3.1 TRI-AXIAL QUASI THREE DIMENSIONAL WEAVE
3.1.1 WEAVING THE TRI-AXIAL QUASI-3D FABRIC
In order to create the specimens for this experiment the weaving had to be done by
hand. To create quasi planar isotropic properties the angles of the intersecting fiber is 0°, +60°,
and -60°. The completed Q3D weave consists of three complete sheets. Each sheet consists of
three layers. Therefore the completed Q3D fabric has a total of 9 layers. Figure 13 shows a
paper mockup of one layer within a sheet.

Figure 13 One of three layers within a sheet

Shown in Figure 14 is the actual first layer of the Q3D weave. The woven specimen is in
the shape of a hexagon. The weave’s completed dimensions are 23.5 inches from tip to tip and
each side measures 11.75 inches.
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Figure 14 First complete layer of sheet 1

In this design, the “Red” strands run above the “Yellow” strands, and below the “Green”
strands. The “Yellow” strands run above the “Green” strands, and below the “Red” strands.
Finally, the “Green” strands run above the “Red” strands and below the “Yellow” strands. When
the first layer of a sheet is complete the angle between all strands is 60°, the weave creates
regular hexagonal gaps with a width, from parallel face to parallel face, of twice the strand's
thickness. This is the base, first layer, used for the creation of the tri-axial Q3D weave shown in
Figure 13 and Figure 14.
The next step in the manufacture of this tri-axial Q3D weave is the insertion of the
strands that will run through the lower layer while also remaining part of the next layer in the
Q3D weave. In this instance, “Yellow” strands were used as this connecting agent. Starting in
the space directly to the left of the “Yellow” strands in layer one (Y1), the Y2 strand is woven
below all G1 strands. These Y2 strands then form the basis for the second layer of the Q3D
weave. The original weaving order is followed for Layer 2, with G2 inserted next, immediately
to one side of the G1 strands, so that it runs below Y2, but above all strands in Layer 1. Finally,
the R2 strands are inserted so that they run below the G2 strands, and above both the Y2 and
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Layer 1 strands. All colored strands in Layer 2 are arranged so that they are immediately to the
side of their first layer counterparts (Figure 15).

Figure 15 Layer two of sheet one

This process can then be repeated once more to create a third layer of the weave. As in
the creation of the second layer, Y3 strands are woven below G2 strands, and above everything
else. G3 strands are woven below Y3 strands and above everything else, and R3 strands are
woven below G3 strands and above all others. After the completion of this third layer, there are
no remaining holes in the weave. Additionally, at any point in the weave, the strands are three
deep, meaning that as long as a specimen woven using this weave pattern it has a number of
layers divisible by three, it will have a constant thickness. Furthermore when the final fabric is
complete it will have a constant 9 strand depth over the entire effective area.
3.1.2 IMPREGNATING THE TRI-AXIAL Q3D WEAVE (VARTM)
The vacuum assisted resin transfer molding (VARTM) process is used to impregnate the
Q3D weave. This process is preferred to a wet lay-up because the fabric is 3 ft x 3 ft and there
were concerns that excessive handling would shift the weave geometry and angles. In order to
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maintain the quasi isoplanar properties it is important that the strands stay at 0° and ± 60°.
The low viscosity and long gel time of the CCMFCS2 resin also made VARTM and good choice.
The summarized VARTM steps are below in bullet form:
Apply release agent to mold
Place bottom release fabric
Place the composite you wish to impregnate then cover with bleed release fabric
Place diffusion media over the top bleed release fabric
Cover the entire area with the vacuum bag and seal with gum tape
The first step in the VARTM process is mold preparation. For the mold a 3/8 inch thick
sheet of acrylic glass is used and it is coated with Trewax to act as a release agent. When the
wax is applied wait until it turns cloudy then buff off the excess until the surface is smooth and
shiny. The wax prevents resin from filling any micro scratches on the acrylic glass and allows
for easier clean up.
Next, the bottom release fabric is laid down. Technically the bottom release fabric
would not be needed but because the completed panel would be later layered with other
materials, a slightly rough finish is desired to ensure good bonding. Without the bottom
release fabric the panel would come out with a high gloss glass finish.
Then the Q3D weave is placed on top of the bottom bleed release fabric and then
another bleed release fabric covers the Q3D weave. When cutting the bleed release fabrics it is
advisable to cut them to limits of the area that will be under vacuum. This is done so that the
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infusion hose can be placed between the top and bottom release fabrics making de-molding
easier.
The final top layer is diffusion media. This layer help speed up the saturation process
but more importantly it creates small spaces above the release fabric and panel. This is crucial
because it provides a place for the small air bubbles from within to escape. This greatly
reduces the bubbles in the final product.
The entire system is then bordered with sealant tape and covered with a vacuum bag.
The vacuum bag needs to be cut large enough so that it can conform to all the contours of the
intake and exit tubes as well as the panel. When the vacuum is started care must be given to
ensure that the vacuum bag does not crease or pleat over the panel because this will be noticed
in the final product.

Figure 16 VARTM setup
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3.2 BASALT LAYER
For this thesis, the basalt fabric is purchased from Sudaglass Fiber Technology. The
specific fabric chosen is a 0.0450 lb/sq. foot plain weave. The basalt component of the
Basalt/PU/Q3D/PU composite consisted of 32 layers of the 0.0450 lb/sq. foot weave. The
epoxy used for the basalt weave is CCMFS2 manufactured by Applied Poleramic Inc. (API).
A wet layup impregnation method is used in order to control the amount of resin in
between the layers as well as ensuring that the principle direction of the fiber remained parallel
from layer to layer. This method is done by laying down the first layer of fabric and painting on
the resin, then carefully laying down the next fabric layer ensuring that the fibers of the two
layers were in-line with each other. Once the second layer is down the two layers are
squeegeed to ensure excess resin is removed. The resin is painted on the top of the second
layer and the process continued for thirty-two layers. This resulted in a very dense woven
layer. A picture is taken from a cross sectional cut of the woven basalt and one can clearly see
that the layers are very tightly packed. In this picture, the layers are oriented vertically.
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Figure 17 Tightly packed basalt layers

Once the wet layup is complete, the fabric is covered and static pressure is applied for
24 hours until the resin gelled. At that time, the weave is cured per the manufacturer’s
instructions. Once the curing is complete, the weave is cut into 6in x 6in squares.
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4.
4.1

MATERIAL CHARACTERIZATION

TENSILE TESTING
Tensile testing was performed on the triaxial Q3D, basalt and polyurea material. The

testing was performed on site at the NANO Infrastructure Research Group’s facilities at the
University of Mississippi. The tensile machine used is an Instron 5982 dual column floor model.
This particular thesis called for a material to not only be ballistic resistant, but also self-sealing.
The self-sealing behavior is desirable in this instance due to the potential threat of hazardous
materials escaping the target vessel. Testing of hyper-elastic materials can be difficult due to
their excessive elongation capacity. The gage length of the specimen will stretch many times
the length of the original specimen along with portions of the grip sections, causing error in the
strain calculation. The use of video extensometer is used to measure the very large
deformation, and pneumatic grips were used to apply constant grip pressure throughout the
test.
4.1.1 TEST STANDARD AND PROCEDURE
For the Q3D and the basalt layer the tensile testing is conducted in the manner outlined
in ASTM 3039/D[31]. The procedure of ASTM 3039/D dictated that a constant head speed of
.05 in/min be used. For the polyurea, the tensile testing is conducted in the manner outlined in
ASTM D412-06a[32]. The procedure of ASTM D412-06a dictated that a constant head speed of
19.6 in/min be used. A video extensometer is used to capture the hyper elongation.
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The video extensometer is mounted on an Instron 5982 dual column floor model test
system located in the Nano Infrastructure Research Laboratory at the University of Mississippi.
Two paint marks on each specimen’s gage length allowed the camera to pick up movement of
the preset points using contrast. Data captured from the video provided a relative gage length
measurement regardless of the absolute movement of the grips.
4.1.2

SPECIMEN PREPARATION

4.1.2.1 TRI-AXIAL Q3D
For the Q3D the specimen samples are taken from the same material that is left over when
making the ballistic samples. The samples are cut using a diamond saw to ensure the cleanest
cut. The saw is not a wet saw to ensure that moisture would not lead to a lower result.
Table 3 Q3D weave tension specimen properties

Overall Length

4 inches

Overall Width
Thickness
Gage Length
Tabs
Taper of Tabs

1.04 inches
.09 inch
2.1 inches
1x1 inch
45 degrees

Below is a picture of the actual size of the completed specimen.

Figure 18 Tension Specimen
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4.1.2.2 BASALT
For the basalt layer the specimen samples are made from using 16 plies of the same
fabric that was used in the 32 layer ballistic specimens. The reason for the thinner tension
specimens is so that they will fit within the grips of the Instron MTS machine. Since the results
of the tension test are in terms of area, the data from the thinner specimens is useable. The
samples are cut using a diamond saw to ensure the cleanest cut. The saw is not a wet saw to
ensure that moisture would not lead to a lower result.
Table 4 Dimensions of Basalt Tension Specimens

Overall Length

8 inches

Overall Width
Thickness
Gage Length
Tabs
Taper of Tabs

1 inch
.109 inch
4 inches
2x1 inch
45 degrees

4.1.2.3 POLYUREA
For the polyurea the materials were mixed and cured on site in the Nano Infrastructure
Research Laboratory. Once cured, specimens were cut using an ASTM D412-C die and a die
press. Each specimen is labeled and numbered. The paint marks needed for the video
extensometer were made using a template outlined in ASTM D412-06: Standard Test Methods
for Vulcanized Rubber and Thermoplastic Elastomers—Tension. The marks were circular marks
approximately 0.07 inches in diameter and 1 inch apart. Just before testing, specimen
thicknesses were recorded. Specimens with a difference of 0.0031 inches in minimum and
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maximum thickness were discarded, as were specimens with excessive air voids in the gage
length.
Testing comprised of five specimens. Stress-strain curves were seen in real-time, and
depending on the data, more specimens were tested if needed. Each specimen is secured with
grips set at approximately 30-35 psi. As outlined in ASTM D412-06, the strain rate for each test
is 19.6 in/minute.
4.1.3 TENSILE RESULTS
4.1.3.1 Q3D TENSION RESULTS
A total of five tests were conducted the results of the five tests are illustrated in the
following graph.

Tension Test for Q3D Weave
70000
60000

Sample 1

50000

Sample 2

40000

Sample 3

30000

Sample 4

20000

Sample 5

10000
0
0.0000
0.0099
0.0198
0.0298
0.0397
0.0496
0.0595
0.0695
0.0794
0.0893
0.0992
0.1091
0.1191
0.1290
0.1389
0.1488
0.1587

Tensile Stress [psi]

80000

Tensile Strain (extension) [in/in]

Figure 19 Tension test of Q3D Weave layer
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The calculated young’s modulus for the samples averaged 1,194ksi. The published
young’s modulus of a single fiber of 12,763ksi, which is 11,569ksi higher than the weave’s
young’s modulus. It is believed that this reduction is because the cross-section has a relatively
small amount of fiber is in the axial direction of pull. In addition, while the crimp is kept to a
minimum, there is still some degree of strength reduction from crimp. However, because of
the iso-planer weave geometry, it is believed that this value will remain relatively constant and
will not suffer the drop in strength that is seen in bi-axial weaves. As expected, the chord
modulus for the specimens is much lower. The average chord modulus is 563ksi.

Table 5 Modulus of Q3D weave layer

1
2
3
4
5

Tensile stress at
Maximum Load
[psi]

Tensile strain
(Extension) at
Maximum Load
[in/in]

Chord Modulus
[psi]

Young’s Modulus
[psi]

67,583.25
66,715.82
60,163.14
62,370.15
65,739.25

0.161
0.147
0.147
0.152
0.161

496,649.64
678,396.32
563,687.44
593,922.37
486,823.29

1,190,943.20
1,363,503.29
1,110,528.49
1,228,139.72
1,081,509.75

From the data taken from the tension test, the internal strain energy in Joules is also
determined.
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Table 6 Internal Strain Energy of Q3D Weave

Internal Strain Energy (J)

Sample Number
2
3
4
5032.4
4505.2
4807.1

1
5357.5

5
5501.0

During the testing, cracking could be heard as the matrix fiber interaction of the nonaxial strands began to yield. This cracking can be seen along the full gage length of the
specimen. This is caused by the axial fibers are elongating due to crimp and the stress is
converted into the non-axial fibers. Below is an enlargement of a specimen were the cracks are
visible in the non-axial directions.

Figure 20 Enlargement of tension specimen. Note the cracking in the non-axial fiber directions.

The Young’s modulus for the specimens is much lower than that of a single filament. It
is believed that the reduction is in part due to crimp. Crimp is created when a fiber is woven
above and below other fibers. During tensile loading, the crimp will induce transverse loads at
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the fiber overlap sections as the crimped fibers attempt to straighten. This transforms fiber
strength to fabric strength and decreases long-term fatigue and creep rupture performance.
However, the weaving greatly decreases delamination between layers. Crimp related reduction
in properties is particularly pronounced with higher performing fibers. This is because of the
optimization of axial filaments properties weaken transverse properties of the filaments. A
trade-off is created between delamination resistance of a 3D fabric and crimp caused failure.
The cracking heard during the test from the crimped fibers elongating is illustrated on Figure 19
by the zigzag. Sample two shows the crimp elongation most clearly at 10,000psi.
4.1.3.2 Basalt Tension Results
Below is a picture of the sample after the tension test. A silver line was marked on the
specimen so show the elongation.

Figure 21 Post Tension Test Basalt Specimen

Eight samples were prepared and tested. The resulting stress vs. strain figure is shown
below.
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Tension Test for Basalt Weave
Tensile Stress [psi]
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0

0.01

0.02

0.03

0.04

0.05

Tensile Strain (extension) [in/in]
Figure 22 Stress Vs. Strain of Basalt Weave layer

The Young’s modulus for this material is 2,442ksi. The published elastic modulus of a single
basalt fiber is 12,908ksi, which is 10,466ksi higher than the basalt layer. The chord modulus
was also determined. The chord modulus was determined by taken the first 1,000ksi stress
point and the maximum stress point. The chord modulus is 1,811ksi.
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Table 7 Modulus of the basalt layer

1
2
3
4
5
6
7
8

Tensile stress at
Maximum Load
[psi]

Tensile strain (Extension) at
Maximum Load
[in/in]

Chord Modulus
[psi]

Young’s Modulus
[psi]

68,406.03

0.038

1,787,750.29

61,751.85

0.034

1,797,695.12

67,478.37

0.038

1,786,120.20

64,210.89

0.034

1,871,414.13

69,716.23

0.039

1,798,502.16

64,523.06

0.036

1,790,048.87

73,979.26

0.041

1,814,249.32

71,394.01

0.039

1,849,659.17

2,521,333.21
2,552,438.20
1,614,955.24
2,788,544.66
2,527,047.30
1,854,534.92
2,702,333.64
2,817,957.30

From the data taken from the tension test, the internal strain energy in Joules is also
determined.
Table 8 Internal strain energy of basalt layer

Sample Number
Internal Strain
Energy (J)

1
2164.4

2
1714.1

3
2103.0

4
1810.5

5
2212.8

6
1830.2

7
2403.8

8
2173.3

As expected, the strain in the basalt layer is much less than the Q3D layer. It is
interesting that the ultimate load of basalt is so similar to that of the Q3D layer. Unlike the Q3D
tensile testing no cracking occurred until close to the ultimate yield point. This is evident in
Figure 22 because the curve for the stress strain line is smooth.
Also as expected, the internal strain energy of the basalt system is less than half that of
the Q3D layer. The internal strain energy of the basalt and Q3D layer is 2051 J and 5040 J
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respectively. The vast difference in internal energy could be an indicator of increased potential
for delamination between the composite layer and the polyurea.
4.1.3.3 Polyurea Tension Results
It is evident from the stress vs. strain curve in Figure 23 that polyurea experiences a
strain hardening affect.

Tensile Test of Polyurea
Tensile Stress (psi)

5000
4000
3000
2000
1000
0
0

2

4

6

Video Axial Strain (Dimensionless)

Figure 23 Engineering stress/strain curve of polyurea

Because of the necking and the strain hardening that the polyurea experiences, it is best
to look at the true stress and true strain of the material.
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True Stress (psi) v. Strain
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Figure 24 True stress/strain curve of polyurea

When comparing the magnitude of the strains between the Q3D weave and the PU it
can be seen that the strength is carried by the Q3D weave. Therfore the PU is kept well within
its ultimate yeild limit, meaning that during impact the PU simply strectches out of the way of
the projectile and the load is transferred to the Q3D weave. This is important to note because,
in order to achieve good self-sealing properties the interfacial bond between the PU and the
Q3D weave need to be very strong to force the PU back to its original position and close the
impact hole. Later this will be clearly visible in the high speed camera images of TC-128 with
0.5 in of polyurea.

4.2 CT SCANNING
CT scanning was performed at the University of Mississippi Medical Center (UMMC) in
the Biomedical Materials Science center. There were several outcomes anticipated from the CT
scanning. The first idea was to generate a 3-dimensional image of the tri-axial quasi-3D weave

46

that would be imported into Abaqus. The second result was to determine if bubbles had
formed during the VARTM process and if so, quantify the void ratio.
4.2.1 CT SCANNING EQUIPMENT
The device used at the UMMC is X-Ray microtomography (Micro-CT). The specifications
are max specimen size: 2.75 in height, 2.67 in diameter; the max resolution is 1 μm. In order to
achieve the maximum resolution, the specimen size needs to be extremely small.
4.2.2 SPECIMEN PREPARATION AND SCANNING
The CT scanning was only done for the Q3D layer because of the complex geometry of
the weave. Since a unit cell of the weave is approximately 0.5 inch x 0.5 inch, to get a complete
picture of the weave, a 1 inch x 1 inch piece would be scanned. This piece was not taken from
an edge section of panel to avoid getting any misaligned fibers that result from handling during
the VARTM process. Since the desire was to determine void ratio and create a 3D finite
element model, the specimen was scanned with the epoxy.
Finding a bubble trapped in the resin was harder than anticipated. Below is an image
from the first scan. No voids can be seen at the resolution of 15.6 microns.
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Figure 25 Broad scan of tri-axial quasi-3D weave

The individual strands making up this weave are 17 micron in diameter and they are
visible when Figure 25 is magnified. Therefore, in order to find a void the resolution was
increased to 1.2 microns. It was at this resolution that a void was found.
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Figure 26 Void in matrix

From the analysis, the void ratio is determined to be 1.72%. This is an encouraging
result since void formation is always an issue with the VARTM process and others have
reported that 3D weaves have a much greater tendency to have trapped air voids.
Attempts were made to generate the 3D FEA model from the scanned sample with the
resin however; the density between the fiber and the resin was not enough for the computer to
distinguish the two.
Therefore, the same sample was burned in a furnace at 500 degrees Celsius to remove
the resin.
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Figure 27 Post burn of tri-axial quasi-3D weave

This was done to get the best possible image of the fibers to create the FEA model. The
sample came out extremely clean and precise. Special attention was given to the edges to
ensure the fibers did not shift or more out of place. This is evident in how straight the edges
remained. After the resin removal, the sample was then placed in the CT scanner to scan the
fibers alone.
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Figure 28 8.5 micron scan of tri-axial Q3D weave

Software called Mimics from Materialise was used to convert the individual CT image
slices into the 3D model seen in Figure 28. From the Materialise Mimics software, a .inp file can
be exported and transferred into the FEA program Abaqus.
Future work will need to be done to run various detailed scenarios of different loading
conditions as well as various boundary conditions. However, the Abaqus model for the weave
alone is shown in Figure 29.
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Figure 29 Abaqus model for weave alone

4.3 DMA
Q800 Dynamic Mechanical Analyzer (DMA) from TA Instruments is used in this study
(Figure 30). DMA is a combined motor and transducer machine (CMT) in which a force is applied
to the specimen and strain is measured by a displacement sensor (Figure 30). The DMA
measures force and amplitude as raw signals which enable the machine to calculate stiffness
for the sample. From stiffness, the modulus can be determined by the multiplication of a
geometry factor. The DMA measures mechanical properties as a function of temperature, time,
and frequency. For these tests, a tension film clamp, Figure 31, is used in which the sample is
held in place with one fixed clamp and one moveable clamp.
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Figure 30 Dynamic Mechanical Analyzer Q800 Series

Figure 31 Tension Film Clamps
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Polyurea (VP1000) is a thermoplastic elastomer. Owing to the viscoelastic nature, its
mechanical response depends upon testing temperature and loading rate. In the present work,
Dynamic mechanical analysis (DMA) testing is used to measure viscoelastic response of VP1000.
In DMA testing, a small cyclic force is applied to the test specimen. The material response is
recorded in terms of "storage modulus", which is a measure of elastic response of the material
and "viscous or loss modulus" which characterizes the energy dissipation ability of the material.
Due to its viscoelastic nature, a phase lag between the applied load and the material response
exists. The "loss tangent or tan delta" represents this phase lag and it can be calculated as the
ratio of loss modulus to storage modulus. Higher loss tangent of the given material implies
higher viscous nature of the material, hence, higher damping characteristics. The DMA testing
performed on the VP1000 is low temperature sweep, high temperature sweep, and frequency
sweep.
All specimens are 6.3 mm wide and approximately 25 mm long. The DMA machine used
in this testing is equipped with a liquid nitrogen intake and heating elements allowing for
temperature ranges from -150 C to 150 C. The frequency sweep is done at 0, 50, 100, 150, and
200 hertz.
4.3.1 TEMPERATURE SWEEP
There are two temperature sweeps for VP1000 and the mechanical properties are
ascertained for each. First, the temperature ramp is defined to go from room temperature to 90◦ C using a time step of 10◦ C per minute. Three specimens are tested from samples of
Polyurea. For each specimen the width and thickness are measured throughout with a Vernier
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Caliper and the average is entered into the DMA interface. Then, the specimen is placed
between the fixed and moved clamp in the furnace. Next, the DMA furnace measures the
length of specimen, and the temperature sweep can be run. The temperature sweep takes
approximately 30 minutes to run and return to room temperature. Once, all three specimens
are run on the same temperature sweep their results are averaged. The next temperature
sweep calls for a temperature ramp that goes from room temperature to 200◦ C at an increment
of 10◦ C per minute. Following the same steps is the cooling temperature sweep three
specimens of each sample are measured, run, and their results are averaged.
Table 9 DMA results for polyurea

Glass Transition
Temperature (at tan
delta)
Area under Tan Delta
Curve*1
Tan delta (at peak of tan
delta)
Storage Modulus (at 23
C)

Low Temperature Sweep
-54 C

High Temperature Sweep
176 C

15.5

NA

0.212

0.208

81.4 MPa

NA

4.3.2 FREQUENCY SWEEP
Frequency sweep test is performed on all test specimens. Each of the test specimens are
placed in tensile clamps and is subjected to a small tensile load at a spectrum of loading
frequencies to maintain a constant displacement of 15 μm and constant temperature of 35oC.
The load is chosen in such a fashion that the material behavior remains within the elastic range.

1

Area under the tan delta curve is directly related to the viscous damping effect of the material[38]
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The viscoelastic response of the material is recorded in terms of storage modulus and (or) loss
modulus of the material vs. loading frequency.

In case of mechanical testing of polymeric materials, viscosity driven behavior
dominates at low loading frequencies and as the loading frequency increases, they become
stiffer and tend to exhibit elastic solid like behavior (Figure 32). Therefore, it is predicted that
the polymer storage modulus will increase as the loading frequency is increased.

Figure 32 Effect of frequency on mechanical properties in polymers

In this study, test specimens are subjected to loading frequencies of 1 hertz, 50 hertz,
100 hertz, 150 hertz and 200 hertz. For each specimen, the width and thickness are measured
throughout with a Vernier Caliper and the average is entered into the DMA interface. Then, the
specimen is placed between the fixed and moved clamp in the furnace. Next, the DMA furnace
measures the length of specimen, and the frequency sweep can be run. The frequency sweep
takes approximately 11 minutes to run. Once, all three specimens are run on the same
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frequency sweep their results are averaged. The average storage modulus as reported by DMA
testing of VP100 at each frequency is illustrated in Figure 33.
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Figure 33 Typical Frequency Sweep Result of VP1000

Another important parameter that is determined from the frequency sweep test is the
’tan δ (tan delta)’. As explained in the earlier section, tan δ represents the ratio of material’s
loss modulus to storage modulus and is directly related to the material’s ability to dissipate
energy in the form of heat. These values, for VP1000 are reported in Table 9 as a function of
loading frequencies. In general, from Figure 34, it can be seen that the tan δ values almost
double as the loading frequency is increased from 1Hz to 200Hz. This behavior can be explained
on the basis of change in VP1000’s nature as the loading frequency is changed, which implies
that VP1000 is strain rate dependent. At higher frequencies, viscoelastic materials primarily
behave as elastic materials. At low frequency loading, the larger amount of energy dissipation
for the polymer is based on the chain’s spatial rearrangement. However, at higher frequencies,
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the polymer chains do not get sufficient time for spatial rearrangement and therefore a large
amount of energy is dissipated as heat which leads to higher tan δ values at higher loading
frequencies. In other projects that utilized the DMA machine similar spikes were experienced
at the 100 Hz frequency. This has led to the conclusion that 100 Hz is the resonating frequency
of the measuring apparatus and the values given at this point are incorrect.

Tan δ Variation During DMA Testing
0.12

Tan delta

0.1
0.08
0.06
0.04
0.02
0
0

50

100

150

200

250

Frequency, Hz

Figure 34 Tan δ variation during DMA testing for Polyurea

4.4 SHORT BEAM SHEAR (SBS)
Short beam shear testing (SBS) was done only for the basalt layer. This is because one
unit cell of the Q3D weave was too wide to fit within the specifications of ASTM 2344 [33]. The
short-beam shear test measures the shear properties of the individual layers attempting to
slide past each other. The SBS specimens are cut 1.31in x 433in x 0.2in (LxWxH). The cutting is
done with a dry diamond saw to prevent any moisture from adversely affecting the results.
This testing method produces values for determining shear strength. This method is also
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attractive because it does not require large specimens. The short-beam shear strength is
calculated using the following equation [33]:

Fsbs = 0.75 × Pm/b × d

(2)

where
Fsbs = short-beam strength,
Pm = maximum load observed during the test,
b = width of beam tested, and
d = depth of beam tested.

Figure 35 Short-Beam Shear Test Set up

4.4.1 RESULTS OF SHORT BEAM SHEAR
The average peak shear strength is 6.2 ± 0.09 ksi. The shear modulus is 104 ksi. Below
is a graph showing the typical load verse displacement of the 32 ply basalt specimens.
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Short-Beam Shear Test of 32 layer Basalt
Load (lb)
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Figure 36 Load Vs. Displacement of Basalt in Short-Beam Shear

From the data taken from the Short-Beam shear test the average internal strain energy
is determined to be 1.57 Joules.
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5.

MANUFACTURING OF COMPOSITE STEEL PLATE SYSTEMS

5.1 LAYERING OF THE BASALT AND Q3D SYSTEMS
In order to improve the ballistic limit of TC-128 and to provide a self-sealing coating, a
multilayered composite system is proposed. It is decided that the suggested system should be
compared to a stand-alone TC128 ballistic performance. Therefore, in order to have a valid
comparison, the areal density of the complete system would need to have the same areal
density of the blank TC 128. The following graphics show the different configurations of the
plates:
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System One:
Material

Thickness (in)

Basalt/PU/Q3D/PU
0.25 in PU
Q3D triaxial weave
0.125 in PU
0.2 in 32 layer basalt weave
TC128
Figure 37 Complete basalt system configuration

System Two:
Material

Thickness (in)

Q3D/PU/Q3D/PU
0.25 in PU
Q3D triaxial weave
0.25 in PU
Q3D triaxial weave
TC128
Figure 38 Complete Q3D system configuration

In early ballistic testing, it is shown that if the outer layer of polyurea is less than 0.125
inch then it would fragment instead of stretching. This is clearly shown in the images pulled
form high speed video in Figure 39.
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Figure 39 The image on the left shows the first stages of the thin polyurea fragmenting.
The image on the right shows the fragmented pieces separating from the panel.

Therefore, it is decided that the top layer needed to be 0.25 inch deep. The thickness
of the supporting layers (Q3D tri-axial weave) is based on the manufacturability of that layer.

5.2 MILLING OF THE TC128
Since the railcar industry utilizes TC 128 steel for the walls of their tanks, 12 in x 12 in x
0.75 in. TC128 steel plates are procured so that the different systems could be tested on the
exact same steel that is used in the industry.

63

In order to create comparable results, areal density is calculated for a standard TC128
plate at 0.75 in thick. This value is used to mill the steel plates for the different systems so that
they would have the same areal density as the blank TC128 plate.
Three different systems are created that are used in conjunction with the milled steel.
They are basalt/PU/Q3D/PU, Q3D/PU/Q3D/PU, and Falcon International systems. The
properties of the three systems are shown in Table 10.
Table 10 Determination of TC-128 thickness for consistent areal density

Material

Thickness
(in)

Depth of TC 128
Milling (in)

Final Thickness of Steel
(in)

TC 128
BASALT
0.125 in PU
3D Weave
0.25 in PU

0.201
0.125
0.140
0.250

0.1218
-

0.631
-

TC 128
3D Weave
0.25 in PU
3D Weave
0.25 in PU

0.140
0.250
0.140
0.250

0.1218
-

0.631
-

TC 128
Falcon Weave
White Panel

0.440
0.500

0.1007
-

0.646
-

Basalt/PU/Q3D/PU

Q3D/PU/Q3D/PU

Falcon
International

5.3 MOLDING OF THE BASALT AND Q3D SYSTEMS
Each composite system, with the exception of the Falcon plates, is made about 15cm x
15cm as opposed to the full size of the plate. This is done for two reasons, the first being that
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it allowed for more specimens. The second reason is that it allowed the V50 to be determined
for the steel alone of each composite system. Because of this, the composites are made in
molds and then later, the complete composite system is joined to the milled steel plate. The
milling of the plates is done on a CNC milling machine here at the University of Mississippi. The
molds that are utilized to create the composite system also worked to ensure that the
composites are made to the exact thicknesses desired. Here is a picture showing the basalt
weave in the bottom of the mold on the left and in the mold on the right the fill lines can be
seen.

Fill Lines

Figure 40 Mold used to create composite system
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The next picture shows the basalt fiber in the bottom of the molds and the PU filled up
to the mark.

Figure 41 Mold with the basalt and first pour of PU

The layered composite systems are made separately then adhered to the steel plates
after they had been cured. Below is a picture Figure 42 showing the double layered quasi 3D
triaxial weave after they have been de-molded.
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Figure 42 De-molded double layered quasi 3D triaxial composite

A thin layer of PU is painted on the back of each composite and it is then stuck to the
TC128. Here is a picture showing the completed basalt/PU/Q3D/PU composite steel plate
system.

Figure 43 Basalt/PU/Q3D/PU adhered to milled TC-128 plate
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The height and width of the ballistic test samples were made smaller than the TC-128 so
that the V50 of the thinner steel could be determined. With the V50 of the complete system and
the V50 of the thinned TC-128, the performance of the coating relative to the steel can then be
determined. This is called “Coating Isolated Performance”, and will be discussed in detail in the
ballistic experiment’s section.
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6.

BALLISTIC EXPERIMENT

The test standard followed is the Department of Defense Test Method MIL-STD-662F.
Testing is completed at H.P. White Ballistic Laboratory in Street, Maryland.

6.1 ABOUT V50
The V50 as defined by MIL-STD-662F, is the most common method for assessing
lightweight armor materials for ballistic performance (9). The final state of a witness plate
placed behind the armor panel determines the experimental outcome of the ballistic test. Two
outcomes may occur as a result of the ballistic test:
Complete penetration (evidenced by visibility of light through the witness plate) takes
place when the witness plate is completely perforated by projectile or plate spall.
Partial penetration occurs if no perforation is observed (even if test panel may be
perforated) through the “witness plate.”
The V50 may be defined as the average of an equal number of highest partial
penetration velocities and the lowest complete penetration velocities which occur within a
specified velocity spread. The witness plate is a 0.020 inch (0.51 mm) thick 2024-T3 sheet of
aluminum is placed 6±1/2 inches (152±12.7 mm) behind and parallel to the target. Normally at
least two partial and two complete penetration velocities are used to compute the V 50 value.
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6.2 0.50 CALIBER PROJECTILE
The projectile in this experiment is the M33 0.50 caliber 663 grain round. This is the
largest rifle round that can be purchased by a civilian without any security checks or waiting
period. This caliber round can be purchased at most outdoor and hunting stores. The .50
caliber round is a devastatingly large bullet. This round has a hardened steel core that enables
it to penetrate many ballistic reinforced targets. Below in Figure 44 is a longitudinal cross cut of
the round.

Figure 44 Longitudinal cut of 0.50 caliber round showing steel core

The average chamber pressure of this round is 55,000 psi and the average muzzle
velocity is 2,910 ft/s. However, in this experiment the amount of propellant is varied to ensure
the three complete penetrations and three partials, called 3&3. The overall dimensions for the
round are shown below in Figure 45.
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Figure 45 Overall dimension of the 0.50 caliber M33 round [37]

This bullet is much larger than other NATO rounds, shown in Figure 46 the middle object
is standard 7.62 mm NATO round. The .50 cal. projectile alone is almost the same size as the
7.62 casing and projectile.

Figure 46 Shown left to right: 0.50 Cal. M33 Ball Cartridge (Test Subject), 30-06 Standard Round (7.8 mm), 7.62
NATO Round, and 0.50 Caliber M33 Ball Projectile

71

The perforce of this round has made it one of the most versatile rounds in military
arsenals. The 0.50 cal. is used to stop vehicles and boats with one shot by shooting their engine
blocks. This round is also used to shoot through steel reinforced concrete walls.

6.3 EXPERIMENTAL OVERVIEW AND SET-UP
The test samples are rigidly mounted in an indoor range with the sample 25.0 feet from
the muzzle of a test barrel to produce zero degree obliquity impacts. Photoelectric infrared
screens are positioned at 10.0 and 20.0 feet which, in conjunction with dual elapsed time
counters (chronographs), are used to compute projectile velocities 15.0 feet forward of the
muzzle. A laser leveling device is used to align each shot. Velocities are manipulated by
increasing or decreasing the amount of propellant used in the cartridge. Figure 47 illustrates this
set-up.

Figure 47 Ballistic experimental set-up

Penetrations are determined by visual examination of a 0.020 inch thick aluminum alloy
2024-T3 witness panel positioned 6.0 inches behind and parallel to the test samples.
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Figure 48 0.020 inch thick aluminum alloy 2024-T3 witness panel

Hits on the witness panel where deemed complete penetrations if light can be seen
through the impact area. Simple dents on the witness panel caused from spalling or any other
debris are not considered complete penetrations.

6.4 EXPERIMENTAL PROCEDURE
The experimental procedure is executed in the exact same order and manner for each
plate to ensure quality of data. Each test began with the weight and dimensions of each plate
being recorded. This data is then input into a software program designed for ballistic V 50
testing. Desired output data parameters are then selected from a database pool within the
software. The plates are given to the technician who restrained the plates to the support
structure, while also aligning the shot. It is important to align the shot appropriately, as to
maximize plate surface usage.
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For the initial shot on each plate, an estimate of its V50 is made depending on similar
plates. Subsequent shot are modified to achieve the three complete penetrations and the
three partial penetrations, referred to as 3 & 3.
Once the initial shot is fired, a visual inspection determined if the shot is a partial or full
penetration. Full penetration required the projectile or plate fragment to penetrate the thin
aluminum witness plate placed behind the target plate. After each full penetration, the witness
plate is replaced.
In the case of a full penetration, the shot’s velocity is an upper limit. The second shot’s
velocity is then less than that of the prior shot. The process is repeated until a partial
penetration occurred. Partial penetration of the plate meant that the witness plate is not
penetrated during impact, regardless of the effects on the target plate. Once a partial
penetration velocity is found, the subsequent shot’s velocity is increased. However, this
increase is much more subtle, due to the more defined upper and lower limits of the V 50. The
range of shots is lowered until a suitable 3 & 3 value is found. The average of these six data
points formed the V50 of the plate. The selection of the 3 & 3 data points are the highest partial
penetration and lowest full penetration velocity as a range of error.
Of equal importance as the V50 value is the Coating Isolated Performance (CIP) value.
This value is determined by obtaining the V50 for the complete ballistic system and the V 50 for
the substrate the coating is applied to. This is why the ballistic systems are made only 6 in x 6 in
leaving the rest of the milled TC 128 exposed. With the exposed TC 128 the V50 is determined
on the milled steel and the complete ballistic system. The determination of CIP is the difference
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in V50 of the complete system verse the substrate divided by the thickness of the coating. The
units of CIP are given in ft/s/in.

Figure 49 Formula for Coating Isolated Performance (CIP)
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6.5 RESULTS
Plate: TC-128

Coating: None
ft/s
Shot

Front

Layers: None

V50: 3086

1

Velocity (ft/s)
3240

Result
C

Include
N

2

3167

C

N

3

3131

P

Y

4

3147

C

N

5

3149

C

N

6

3116

C

N

7

3084

C

N

V50: 3086
Range: 90
8
3041
C
Y
High Partial: 3181 Low Complete: 3041

Front

Back

Summary: TC-128/Uncoated
Plate is shot eight times in an attempt to get more partial completions; however only one
partial was achieved. This data needs to be matched with the previous V50 results from the
February tests.
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Plate: TC-128

Coating: PUNO 0.5” Layers: 2
Shot
1

Velocity (ft/s)
3140

Result
P

Include
Y

2

3154

C

Y

3

3138

C

Y

4

3111

P

Y

5

3151

C

Y

3113
P
Range: 43

Y

6
V50: 3134
Front

V50: 3134 ft/s

High Partial: 3140

Low Complete: 3138

Back

Front

Back

Summary: TC-128/PUNO/2 Layer
Plate was shot six times until V50 with acceptable range of error is found. This plate is shot to
determine the V50 rating for pure polyurea without any additives. The self-sealing nature of
polyurea can clearly be seen. Also it is clear to see the copper jacket is serrating the material
which is the cause of the large loss of the coated material. The CIP for the 0.5 inch of
polyurea is 96 ft/s/in.
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High-Speed Video Analysis
Plate: TC-128

Coating: PUNO

Image 1: Initial impact shown with copper jacket
melting

Layers: 2

Image 2: Copper jacket can be seen serrating the
coating. The point of penetration is already closing.

Image 3: In this view the polyurea can be seen stretching out up to 2 inches. It should be
noted that the penetration point is relatively sealed and that the debris is coming from
where the copper jacket cut through the PU layer.
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Plate: Milled TC128 0.631” Coating: Basalt/PU/Q3D/PU Layers: 5

Front

Shot
1

Velocity (ft/s)
3088

Result
C

Include
Y

2

3050

C

Y

3

2980

P

Y

4

2976

P

Y

5

3023

C

Y

6
Front

2972inch TC128 2839
P
V50 for 0.631
ft/s

V50: 3015
High Partial: 2980

Back face of basalt layer. This is the
interface between basalt and
TC128

V50: 3015 ft/s

Y

Range: 116
Low Complete: 3023

Front of TC128 at the interface of
the basalt layer

Back

Summary: Milled TC128 0.631”/

Basalt/PU/Q3D/PU / 5 Layer

This system performed fairly well and is comparable to the full thickness TC128 alone. The
system exhibited good self-sealing characteristics. This material did not suffer perforations
around the point of impact from the jacket. This system also does not cause the extreme
elongation of the top layer of PU so this material is not greatly weakened. This is due to the
strong interfacial bonding between the PU and the top Q3D layer. While this system
performed well it was not the best at self-sealing. While this system outperformed the best
self-sealing system the result are too close to definitively state that this system provides the
best ballistic protection. The CIP for this system
79 is 227.68 (ft/s)/in.

High-Speed Video Analysis
Plate: Milled TC128 0.631”

Coating: Basalt/PU/Q3D/PU

Image 1: Initial impact

Layers: 5

Image 2: After penetration, note how the PU does
not expand any larger than the diameter of the
projectile.

Image 3: Note the amount of debris in
after the impact and the amount of
copper visible from the jacket

Image 4: Note how this
systems max deformation is
only about 1 inch.

80

Plate: Milled TC128 0.631” Coating: Q3D/PU/Q3D/PU Layers: 5
Shot

Velocity (ft/s)

Result

Include

1

3075

C

Y

2

2966

C

Y

3

2952

P

N

4

2960

P

Y

5

Front

V50: 2995 ft/s

2980
P
V50 for 0.631 inch TC128 2822 ft/s

Y

V50: 2995 ft/s

Range: 115

High Partial: 2980

Low Complete: 2966

Back

Above: The back face of the double Q3D
composite system.

Above: Is an enlargement of the back face of
the first Q3D layer. It is showing that large
portions of the copper jacket are being stopped
by this layer that is 0.14” thick.

Summary: Milled TC128 0.631”/ Q3D/PU/Q3D/PU

/5 Layer

This system performed the best as far as self-sealing. The point of impact closed the fastest
and the least amount of debris was propelled for the impact hole during penetration. The
three composite plates that were milled to have the same areal density as a black TC128
performed within 25 ft/s between the highest and the lowest. Therefore the best performing
system is the one that seals the fastest and the tightest and has the highest CIP value. The CIP
value for the double layer Q3D is 221.79 (ft/s)/in.
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High-Speed Video Analysis
Plate: Milled TC128 0.631”

Image 1: Projectile
enters coating.

Coating: Q3D/PU/Q3D/PU

Image 2: Penetration hole is
sealing before projectile has
finished penetrating into the
plate

Layers: 5

Image 3: This is the same time as
Image 2, but from the side. It
shows that the amount of lateral
deformation is much less

Image 4: This clearly shows the self-sealing nature
of this system. It is clear that the system is sealed
before the projectile exits the back of the plate
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6.6 DISCUSSION OF BALLISTIC RESULTS
The V50 for each system is tabulated below along with the CIP.
Table 11 V50 and CIP of the ballistic systems

V50 (ft/s) CIP (ft/s/in)
3086
NA

Control TC128
Un-milled TC128 with 0.5 in PU
Q3D System
Basalt System

3134
2995
3015

96
221
227

When measuring ballistic limits there are allowable velocity spans of 60, 90, 100, and
125 ft/s; so the V50 for the basalt and the Q3D systems can be considered the equivalent. The
thing that separates the two systems is the speed at which they seal and the amount of damage
occurred. The Q3D system sealed faster than the basalt system, this can be seen by comparing
the amount of debris expelled by each. Also the Q3D system had better resealing than the
basalt because the Q3D system did not allow fragments of the copper jacket to be expelled.
The Q3D system experienced localized damage while the basalt layer experienced large
damage and delamination. The delamination occurred in both the basalt layer and between
the polyurea and basalt. No delamination between the polyurea and the Q3D layers occurred
in any of the Q3D samples.
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Figure 50 Delamination of basalt layer

Figure 51 Delamination between PU and basalt

In previous ballistic test performed by Roland et. al. and colleagues, fragment-simulating
projectiles (FSP) are used. These projectiles do not have a copper jacket. It was observed in the
initial stages of our ballistic testing that when the jacketed 0.50 caliber round went through the
polyurea and struck the metal backing that the copper jacket would ricochet back cutting large
portions of the polyurea. This loss of material reduced the effectiveness of the polyurea to
absorb the energy. This loss of material greatly reduces the desired self-sealing behavior.
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Figure 52 Copper jacket can be seen serrating the coating. The point of penetration is already closing

Therefore, it was important to determine if the thicker basalt layer did a better job
capturing the copper jacket. In order to determine this, the post impacted samples were taken
to the local hospital and scanned using a CT scanner. The different densities between the
copper jacket and the ballistic system make it easy to detect the jacket fragments. However,
this large density difference causes artifacts in the CT images. These are caused when the
scattering occurs around a much denser object and the scanner cannot differentiate the
surrounding material.
Raw CT images:

Figure 53 Raw CT images of Q3D system
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Figure 54 Raw CT images of basalt system

To clarify these images, Materialise software Mimics was used to convert thousands of
images into 3D solid models. With the software, it is possible to color code the material with
different densities. However, the software is not able to cancel out the artifacts caused by the
large density differential. As a result, the solid models will have discontinuities where the
artifacts are in high concentration. This does not mean that fragments of the copper jacket will
be missing but rather the less dense composite system will not be differentiated.
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Reconstructed Q3D system:

(a)

(b)

(c)
Figure 55 Reconstructed Q3D system (a) complete system (b) PU removed leaving only the double Q3D layers and
copper fragments (c) side view of double Q3D system and copper fragments

Note that in Figure 55 no copper fragments are visible above the top Q3D layer. The
closing speed of the Q3D system does not allow time for the fragments to be propelled out.
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Reconstructed basalt system:

(a)

(b)
Figure 56 Reconstructed basalt system (a) complete system (b) Removed PU leaving the basalt, Q3D, and copper
fragments

Note that in Figure 56 fragments of copper are visible above the top Q3D layer. The
increased stiffness of the basalt layer ultimately hindered the resealing behavior of the
complete system. The large difference in stiffness resulted in separation between the PU and
basalt layer. This discontinuity increased the rebounding time of the top layers.
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7. CONCLUSIONS
In this thesis, self-sealing ballistic systems were studied to be used as retrofit protection
for the steel used in railcars that transport toxic inhalants chemicals. The overall conclusion is
that railcar tankers can be retrofitted with a ballistics system that is self-sealing, does not
reduce the current ballistic level and does not reduce the carrying capacity of the railcar.
While the 0.50 caliber round is a large diameter bullet the combination of woven composites
and hyper-elastic polyurea work together to reduce the post impact hole to 1/16th of an inch.
1) The triaxial quasi-3D weave used in this thesis has more than double the internal strain
energy of the layer plain biaxial weave.
2) The triaxial quasi-3D weave has much better delamination resistance over layered
weaves.
3) Experiments determining self-sealing behavior need to be done with actual bullets not
simulated projectiles because the jacketing of a round can greatly reduce self-sealing
behavior.
4) Matching the flexibility of a composite to the surrounding polymer in layered systems
reduces delamination and improves energy absorption.
5) When layering hyper-elastic polymers with composites with high stiffness the selfsealing speed is reduced if separation occurs between the composites and the polymer
layers.
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6) Composites with high elasticity moduli are not always the best method to resist ballistic
impact in layered systems. The double Q3D system had a CIP of 221 ft/s/in and the
much stiffer basalt/Q3D system had a CIP of 227 ft/s/in.
While the V50 for the basalt/PU/Q3D/PU system was 20 ft/s better than the
Q3D/PU/Q3D/PU system the results are too close to definitively state which system is better.
Therefore the speed of self-sealing and the amount of induced damage make the double Q3D
system, the better performing coating. This is because the unique weave geometry of the
double Q3D system localized the damage and allowed the polyurea to seal more quickly.
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